This article describes two probability sampling approaches to sampling water resources. In the rst approach, a complete enumeration of eligible sample units (e.g. stream segments, water bodies, drainage basins) is performed using GIS or paper maps to create a list frame. A probability random sample is then selected from this frame. In the second approach, a two-stage sample is selected. In the rst stage, area segments are selected using a probability design, such as strati ed sampling. Water resources contained in each segment are enumerated and labeled using eld visits or aerial photographs. In a second stage, the water resource or related sampling units (e.g. stream segments, water bodies, measurement points) are selected in each of the segments. Examples of both approaches are presented, and their relative strengths and weaknesses are discussed.
INTRODUCTION
Surveys of lakes, wetlands, streams and riparian zones are conducted by government agencies, research institutions and private organizations for a variety of purposes. Data may be collected on hydrological, ecological, chemical and/or economic variables.
The number of water resource surveys that rely on probability sampling designs is small. A handful of large area lake surveys have been conducted by government agencies and described in the literature. See, for instance, Dupont 5] , Eilers et al. 6 ], Larsen et al. 11] . In all of these surveys, the population of lakes is represented by a frame consisting of all lakes that appear on maps or digital layers. The population is rst enumerated from these source materials, and then a sample is selected from the list of eligible lakes. This approach can be adapted to surveys of wetlands, as shown in Ernst et al. 7] , by using the U.S. Fish and Wildlife Services National Wetlands Inventory (NWI) as a representation of the population of wetlands. Samples for rivers and streams can also be selected with a similar methodology. Paper or digital maps are used to construct a list frame for selecting streams, rivers or waterway segments. Examples of stream survey designs that rely on probability sampling are given in Heldal 8] .
While the approach of using maps to delimit a population is convenient, it is sensitive to the quality of the source material. For example, Larsen et al. 11 ] discuss a study in which up to 20% of the water bodies within speci c categories were misclassi ed or ineligible. They note that the error rate is much higher for smaller water bodies than for larger ones. Alternatively, water bodies present in the eld can be missing from the map, and hence have no possibility to be included in the sample. Since these sources of error are generally hard to assess in practice, unquanti ed bias can result when a sample from a poor source is used to make inferences about the water resource population in the eld.
An alternative sampling design which avoids creating a list of water resource sampling units for the target population is area sampling (S arndal et al. 16] ). Under this approach, a probability sample of area segments, often called primary sampling units (PSUs), is selected from the region of interest. The sample can be strati ed to achieve spatial distribution of the PSUs. Water resources are enumerated within PSUs using satellite imagery, aerial photography or ground visits. A subsample of water resources is selected in a second stage of sampling. This method is used to enumerate and sample streams and water bodies in the National Resources Inventory conducted every ve years by the U.S. Department of Agriculture's Natural Resources Conservation Service (Nusser and Goebel 13]).
The area sampling approach circumvents the reliance on maps for frame construction. The detailed enumeration of streams, which would be prohibitive to perform for the whole region, is only required for the sampled PSUs. The sampled PSUs typically represent a small fraction of the total surface area.
In this article, we discuss these two approaches using designs developed for a watershed health study currently being conducted by the Watershed Sciences Institute and Soil Quality Institute of the Natural Resources Conservation Service (NRCS). We focus on the statistical aspects and practical considerations most relevant to probability sampling of water resources. The two designs used in this study allow comparison of some of the advantages and disadvantages of the map-based list frame approach and the area sampling approach to water resource sampling.
The remainder of the article is organized as follows. Section 2 describes two probability stream sampling designs used in the watershed health study. Section 3 discusses the construction of sampling weights for both datasets. In Section 4, we conclude with comments about the advantages and disadvantages of sampling approaches in the context of water resource sampling.
SAMPLING METHODOLOGY

OVERVIEW
The NRCS watershed health study is currently being conducted in a watershed of the Rocky River in North Carolina and a watershed of the Saluda River in South Carolina. These watersheds are 0.9 milion acres and 1.5 million acres in size, respectively. The main purpose of the watershed health study is to test integrative indices for small drainage areas. The Index of Biotic Integrity (IBI) is of particular interest. The IBI is a site-calibrated index of aquatic ecosystem health appropriate for drainages of 2,000{4,000 acres (800{1,600 ha) in size (DEHNR 12] ). The IBI is a function of the age structure, health, diversity of the sh community in a stream segment at the bottom of the watershed. Three additional indices that rely on downstream measurements in small drainage areas were also of interest. These indices rely on ratings of the physical characteristics of stream water, stream channel and riparian vegetation (Opsomer et al. 15] ).
As an alternative assessment of the conditions in the watershed, the study also incorporates a component in which observations of land cover/use, soil quality and wildlife habitat are made on sampling points distributed throughout the entire watershed, and on random stream points that are proximal to these general assessment points.
To accomodate both assessment approaches, two samples were selected. For the sample of drainage areas, the universe is considered to be all drainages measuring 2000-4000 acres in size within the Rocky River and Saluda River watersheds. A sample of drainage areas was selected using a map-based list frame approach (see Section 2.2 below). Measurements required to compute the indices were made at a distance of 200 meters upstream from the road nearest to the lowest point along the river within each sampled drainage areas. Visual ratings of the physical characteristics and vegetation were collected on the stream segment and adjacent riparian zone, and sh samples were taken to obtain data on the size, health status and number of sh for each species.
A second sample was selected from the universe of all land in each watershed. A Markov chain design was used to select general assessment points for the entire watershed (see Section 2.3 below). Land use, soil quality, wildlife habitat and other related features are recorded for the general assessment points. A riparian habitat quality assessment similar to that used for the drainage sample is planned for a sample of stream measurement points (Opsomer and Nusser 14] ). Sites for stream measurements were selected from a neighborhood surrounding the general assessment sample points. Measurements on the general assessment and stream measurement points provide a broad assessment of the conditions in the watersheds for a comparison with the integrative indices. Details of the two sampling approaches follow.
DRAINAGE SAMPLING
In order to draw a sample of drainage areas for the integrative index component of the study, a frame of eligible drainages was constructed. For each watershed, drainages of 2,000{4,000 acres were manually identi ed on hydrological and topographical data layers obtained from USGS. Because of the size restriction on the drainages, they are located primarily in the upper reaches of the watershed.
A total of 255 drainages that satis ed the size criteria were identi ed on the USGS Digital Line Graphs (DLGs) that covered the two watersheds. The drainages were strati ed by 11-digit hydrologic unit area (HUA) strata. Hydrologic unit areas partition the U.S. land area into watershed areas. This strati cation was used to ensure geographic spread of the sample over the watershed. There are 8 strata containing from 3 to 26 drainages in the Rocky River watershed, and 19 strata consisting of 1 to 19 drainages in the Saluda River watershed. The average size of the 11-digit HUA in the Rocky River and Saluda River watersheds was 112,000 acres and 79,000 acres, respectively. Figure 1 shows the population of drainages identi ed in the Rocky River watershed, as well as the HUA subdivisions. The sample drainages that were visited in this study are shown in the gure by the darker shading.
The target sample size of drainages was 41 for the Rocky River watershed and 51 for the Saluda River watershed. Within each watershed, the sample was allocated to the HUA strata in proportion to the square root of the number of drainages in each stratum. This allocation is a compromise between equal allocation and allocation proportional to the stratum surface areas. The selection procedure also ensured that there were at least two drainages per stratum in the Rocky River watershed. A minimum of one drainage per stratum was allocated in the Saluda River watershed because the HUA strata in this watershed are more numerous and include several small strata. For variance estimation, some HUAs will be combined (collapsed) to obtain at least two drainages per collapsed stratum. Drainages were selected within each strata by systematic sampling using a random start. This method was used to promote geographic spread of the samples.
Because of dry weather conditions during the eld season (July and August 1997), several rivers in selected drainage areas did not contain su cient ow to make the IBI measurements possible. Other sites were not visited because the landowners refused to permit access to the streams. Overall, twelve sites could not be visited for these two reasons. In addition, seven sites were not visited because the streams identi ed on the maps were determined to be wetlands or lakes in the eld, making them ineligible for the study. Because the investigators had contracted for 92 sites to be visited for this study, two supplemental drainage samples of size 20 and 10, respectively, were selected to replace the unvisited and ineligible drainages. The supplemental sample drainages were selected with equal probability from those not previously selected in a stratum. This results in an equal-probability sample within each stratum. The nal sample on which measurements were made contains 41 drainages in the Rocky River watershed and 51 drainages in the Saluda River watershed.
STREAM SAMPLING
In addition to the sample of drainage areas, a sample of general assessment points was selected, along with a sample of neighboring stream measurement points for riparian measurements. For the purposes of this sample, each HUA stratum was further subdivided into substrata corresponding to each drainage area that was visited during the drainage sample measurements, and the remaining portion of the HUA that was not included in the visited drainages. We will refer to this more elaborate strati cation as the point strati cation.
An initial sample of points was selected using a two-step process. These points were selected for recording general conditions on all land in the water-shed, including land use, soil quality, and wildlife habitat. In the rst step, a very dense sample of points covering the watersheds was selected using a Markov chain procedure to select an equal-probability one-per-stratum point sample (Breidt 2 ij ; k = 1; 2; are independent and identically distributed N(0; 1) random variables, and 1 ; 2 are chosen to give the desired degree of control over the randomness of the procedure. It can be shown that the V (k) ij are AR(1) random processes with N(0; 1) marginals, that X ij and Y ij are uniform random vari-ables, and that the procedure generates an equal probability sample (Breidt 3] ).
Intuitively, the transition probability for the coordinate locations in each dimension can be thought of as convex combination of an identity transformation (selecting the same relative location in each cell) and a uniform distribution (making each relative location within a cell equally likely). By varying the coe cients of the convex combination, it is possible to achieve samples with di erent properties. The coe cients for the identity transformation in both dimensions are 1 = 2 = 1, generating a systematic sample. If 1 = 2 = 0, a strati ed (one-per-stratum) simple random sample results. Intermediate values for 1 and 2 generate samples with properties that fall between these two extremes. For the general assessment points in this study, we set 1 = 2 = 0:75, producing a sample with a good geographic spread of the points without locating them on a systematic grid. This approach avoids potential problems that xed grid samples can encounter with populations that have systematic variations. An example of systematic variation is the regular grid pattern of roads in the Midwest of the U.S. The Markov chain sample consisted of 3,721 points for the Rocky River watershed and 5,842 points for the Saluda River watershed.
In the second step, the Markov chain sample was subsampled systematically to achieve the desired number of general assessment points within each stratum. Six hundred points were selected over both watersheds, allocating four points to each visited drainage and a much sparser sampling density for the remaining areas. This resulted in approximately half of the point sample being located inside the visited drainages, a compromise between the need for detailed information about the drainages and the need to summarize conditions for the whole watershed. Figure 2 displays a portion of the Saluda River watershed with the point sample. The light grey dots represent the Markov chain sample points (step 1 above), while the heavy black dots represent the subsample (step 2). The heavy lines are the HUA delimitations, and the shaded areas represent the visited drainages (see Section 2.2). The gure shows the spatial distribution of the Markov chain sample points, and the heavier allocation of the subsampled points to the drainage strata relative to the HUA strata outside of the drainages. Stream measurement points were selected in relation to the general assessment points. To select sample points for stream measurements, the general assessment points were used to de ne 11.48 acre plots (a square with diagonal of length 1,000 ft) that were centered at each point. Using high resolution photography or eld visits, all visible streams within the plot will be labeled, listed and their lengths recorded. If the plot contains any streams, a random point along the streams is selected. This approach was selected because initially only general assessment points were planned, and it was desirable to locate stream measurements in the neighborhood of the general assessment points.
For each plot containing stream segments, a random location on the total stream length within the plot is selected for riparian zone observations. Let the total length of all streams in plot j of stratum i be denoted by L ij . A uniform random number between 0 and L ij is generated, say l ij . The point that lies at distance l ij downstream along the labeled, sorted stream segments is selected for the riparian health assessment.
WEIGHT CALCULATION
OVERVIEW
While it is generally desirable to design probability samples with equal selection probabilities, study objectives often require unequal selection probabilities. For example, if a small subpopulation is of interest, then a higher sampling rate may be needed for that subpopulation in order to obtain an adequate sample size. When unequal selection probabilities are used to select a sample, weights must be calculated to obtain unbiased estimates for the population parameters.
In its simplest form, a weight for a sampling unit is the inverse of the selection probability. Frequently, weights are calculated using auxiliary information as a means of improving the properties of the estimators. An example of how weights are used in estimation of population parameters is the weighted mean as an estimator of the population mean, = 1 N P N i=1 y i , = P n i=1 w i y i P n i=1 w i (1) where N is the number of elements in the population, y i is the measurement and w i is the weight for sampling unit i; i = 1; : : :; n.
DRAINAGE WEIGHTS
In constructing weights for the drainage sample, adjustments are needed to account for the selected but unvisited sites and for ineligible sites. The ad-justment for the unvisited sites assumes that the unvisited sites are a random sample of the original sample.
The original sample of drainage areas is a strati ed sample. Assume that the ith stratum contains N i drainages and the initial sample size is n i drainages.
Assuming all the drainages are observed, the weight for every sampled element in the stratum is n ? For \acreage-based" variables of interest (e.g. total acres of drainage areas with an IBI score exceeding some value), estimators can often be improved by replacing the above sampling weights by ratio or regression weights. These procedures incorporate information on the population acreage for the drainages within strata as well as the acreage of the drainages included in the sample. When a GIS program is used to delineate drainages, as in the current study, this information can be obtained from the GIS coverage delineating the drainage areas. 
STREAM WEIGHTS
The weights for the sampled stream measurement points are also de ned as the inverse of the inclusion probabilities, or w ijk = 1 ijk ; where the inclusion probability for stream point k in plot j of stratum i is
ij is the inclusion probability for plot j in stratum i, kjj = L ?1 ij is the inclusion probability for point k given plot j has been selected, a is the plot size, A i is the surface area of point stratum i, and m i is the number of Markov chain points sampled in stratum i.
The sum of the weights for stratum i is
where s i is the index set for plots selected in stratum i. Note that L i =a is an estimate of the mean length of streams per acre for the stratum, andL i an estimate of the total length of streams in stratum i.
Although frame coverage problems are avoided in this procedure through direct enumeration within plots using high resolution source materials or eld visits, it is likely that there will be unvisited points because of lack of accessibility or lack of permission by the landowner. The unit nonresponse adjustment described for the drainage weights can also be applied to stream points.
DISCUSSION
Both the map-based list frame and the area sampling approaches described in this paper are probability designs with quanti able statistical properties. The associated estimators utilize sampling weights to draw statistical inferences about the overall population of waterways in the watersheds. This is in marked contrast with the purposive (non-random) sampling schemes that are often used. Purposive sampling generally involves a subjective component in which, for example, investigators or eld personnel choose observation sites without the aid of a random selection procedure. When this approach is used, the measurements at the selected sample points are valid representations of the conditions at those points. Using data collected to estimate population parameters is highly likely to produce biased estimates for the target population. Because of the subjective selection of observation units, using these estimates to make inferences about the population of waterways is open to criticism (Larsen et al. 11] ). In that sense, both probabilistic sampling approaches outlined above are superior to purposive sampling.
Both probabilistic approaches have speci c strengths and weaknesses, and the approach used will depend on the requirements of the study, as well as on the availability of source materials from which to construct the sampling frame.
First, consider approaches that involve sampling water resources using mapderived list frames. In the watershed health study, drainages eligible for sampling were de ned using GIS-based maps. This approach is the most commonly used method in probability sampling of water resources. An advantage of de n-ing the population in this manner is auxiliary information (e.g. surface areas) is often available in the frame, which can be used to improve the properties of the estimators. The main drawback is that inferences made about the population of interest depend on how well the map frame matches the true population. Materials may contain errors from original compilation, or eld conditions may have changed since the materials were created or last updated. In practice, the quality of these representations for water resources is highly variable and often di cult to ascertain. Figure 3 is an example of one type of problem that can be encountered when using map-based list frames. Note in particular how the resolution of the map changes at the vertical and horizontal line (drawn by the authors), with several stream segments originating or ending at the line and very di erent stream densities on both sides. The west and south portions of the map give a list frame of streams with more miles of streams per square mile of area than does the central portion of the map. No information exists in the sample or frame to adjust for errors in the frame materials. If the low density of streams in the northeast portion of Figure 3 represents undercoverage of eligible streams, then the total length of stream segments derived from the frame will underestimate the true total length of streams in the watershed.
Another problem associated with map frames is the potential to select ineligible drainages, as occurred in the watershed health study. Seven of the 92 drainages in the initial sample did not contain a stream that had the required characteristics for belonging to the target population. While this is less than 10% of the sample, the presence of ineligible drainages in the frame is partly responsible for the need to draw additional samples, thereby increasing the cost of the study. This problem is di erent from that illustrated in Figure 3 . The sample containing ineligible drainages furnishes an estimate of the fraction of ineligible drainages that can be used to construct unbiased estimators. The variance of the estimator is larger than that based on a (theoretical) frame that would contain all eligible drainages and only eligible drainages. If the adjust-242240 Figure 3 : Rocky River watershed with waterways (Source: USGS 1:2,000,000 hydrologic unit data; straight lines added by authors). ment is not made to the estimator, thenusing this example, an estimator of total miles of streams will be an underestimate.
In the area sampling approach, a sample of PSUs is selected from the population of PSUs that covers the entire study area. If high quality materials or su ciently rigorous protocols are used to enumerate the water resources in a PSU, coverage is likely to be complete or very nearly so. Estimators are unbiased and have known statistical properties.
In the watershed health study, a modi cation of the area sampling approach was used. The objective was to select water resources that were close to general assessment sample points that had already been selected. Thus, the stage in which PSUs are typically selected in area sampling was replaced with the establishment of enumeration plots that were centered at the general assessment points. In contrast to selecting PSUs from an area frame that has been partitioned into mutually exclusive area segments, some overlap of enumeration plots is possible, depending on the location of the general assessment points and the size of the PSUs. The size of the plots in this study was selected to minimize the likelihood of overlap.
The area sampling approach balances the need for accurate information with the costs associated with more intensive data collection e orts. The expensive source materials (e.g. high-resolution aerial photography) and the labor-intensive process of enumerating the streams are only required for the selected plots. In the Carolina study the selected plots represented less than 0.5% of the total surface area of the watersheds.
The two probability sampling approaches can also be used in combination. For example, if map-based list frame methods are less expensive, the majority of sampling resources can be devoted to selecting a sample of water resources from the list frame. A second, smaller sample using area sampling techniques can be used to estimate characteristics of streams not covered by the map frame. The procedure of using the two frames to select a sample is called dual frame sampling (Cochran 4] ).
